###### Highlights

-   Elevated levels of high-density lipoprotein cholesterol and low-density lipoprotein cholesterol were observationally associated with reduced risk of infectious disease hospitalizations.

-   Alternatively, elevated levels of triglycerides were observationally associated with increased risk of infectious disease hospitalizations.

-   For genetically determined lipid levels, only high-density lipoprotein cholesterol was significantly associated with reduced risk of hospitalizations for infectious disease, lower odds of outpatient antibiotic usage, and reduced risk of mortality from sepsis.

-   Mendelian randomization analysis suggested that the observational relationship between higher levels of high-density lipoprotein cholesterol and reduced risk of hospitalization for infectious disease could be causal in nature.

Despite the epidemiological evidence for a strong association between low levels of HDL (high-density lipoprotein) cholesterol (HDL-C) and atherosclerotic cardiovascular disease, genetic studies and clinical trials have failed to demonstrate that this relationship is causal.^[@R1],[@R2]^ However, there is interest in the role of HDL particles as an important component of the innate immune system and protecting against infection.^[@R3]--[@R8]^

**See accompanying editorial on page 5**

HDL is able to sequester pathogen-associated lipids, such as lipopolysaccharide and lipoteichoic acid, and mitigate host inflammation during sepsis.^[@R9]--[@R11]^ These findings are consistent with preclinical studies that show that HDL-based interventions reduce inflammation and improve survival in rodent models of experimental sepsis.^[@R6],[@R12],[@R13]^ Furthermore, low levels of HDL-C and LDL (low-density lipoprotein) cholesterol (LDL-C) are associated with poor clinical outcomes and increased risk of infectious disease, respectively, in sepsis cohorts and large epidemiological studies.^[@R3],[@R5],[@R14]--[@R16]^ However, these epidemiological associations are subject to confounding and reverse causation, and it remains unclear whether they represent causal relationships. Indeed, recent studies have suggested that the associations between low levels of LDL-C and sepsis mortality are likely due to confounding rather than representing a causal relationship.^[@R17],[@R18]^ It is unknown whether the same is true for HDL-C.

The objective of this study was to assess the influence of common variants associated with HDL-C, LDL-C, and triglyceride levels on infectious disease risk among the general population. Using genetic variants as risk factors can circumvent many issues of confounding and reverse causation and has the potential to provide causal inference regarding the effect of genetically determined levels of HDL-C on susceptibility to infectious disease. We hypothesized that individuals with elevated levels of genetically determined HDL-C, but not LDL-C or triglycerides, would have reduced risk of hospitalization for infectious disease hospitalizations and improved sepsis survival.

Methods
=======

Data Statement
--------------

The data that support the findings of this study are available from the corresponding author on reasonable request.

UK Biobank Cohort
-----------------

This study was approved by the UK Biobank (application identification: 42857) and by the Clinical Research Ethics Board of the University of British Columbia (H18-02181).

Participants from the UK Biobank prospective population study who consented to genotyping analysis and were of British white ancestry were included in this analysis.^[@R19],[@R20]^ A dataset of genotyped and imputed variants was available from the UK Biobank. Genotypes of interest were extracted from bgen files using the rbgen R package. Samples that had a mismatch between reported sex and genetic sex or missing \>3 of the 223 single-nucleotide variants (SNVs) of interest were excluded from analyses.

Biochemical measurements, physical exam measurements, and medical histories were assessed at the time of study enrollment (Methods in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381); Table I in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)).

Index infectious disease hospitalization events were grouped into categories based on primary or secondary *International Classification of Diseases*, version 10, diagnosis codes (Table II in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). Time-to-first index events were assessed between the date of participant enrollment (2006--2010) to March 31, 2016. Baseline medications considered to be oral or injectable antibiotics are detailed in Table II in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381).

Polygenic Scores for HDL-C, LDL-C, and Triglyceride
---------------------------------------------------

Weighted HDL-C, LDL-C, and triglyceride polygenic scores were calculated using the standardized effect sizes (in units of SD) for the association between lipid traits and 223 SNVs described by Klarin et al.^[@R21]^ The effect sizes published by Klarin et al^[@R21]^ represent the association between each SNV with measured levels of HDL-C, LDL-C, and triglycerides after adjustment for age, age squared, and study-specific covariates, including principal components to account for population structure before transformation using the inverse normal distribution.^[@R22]^ The exome genotyping array data from the Global Lipids Genetics Consortium are displayed in Table IV in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381).^[@R21]--[@R23]^ Weighted polygenic scores were calculated for UK Biobank participants using the formula Σ \[β~1~ × SNV~1~\]+...+\[β~223~ × SNV~223~\], where SNV is the number of lipid trait increasing alleles (0, 1, or 2) and β is the positive effect size (β-coefficient) for the lipid trait of interest for each of the 223 SNVs. HDL-C, LDL-C, and triglyceride polygenic scores are positively associated with measured levels of HDL-C, LDL-C, and triglycerides.

Statistical Analyses
--------------------

Analyses were performed using R, version 3.5.1. Measured lipid levels and polygenic scores were grouped into quintiles or above and below the median for visualization and description of cohort characteristics at recruitment. χ^2^ tests were used for contingency analyses. Normally distributed data were analyzed with 1-way ANOVA tests, whereas non-normal data were analyzed with Kruskal-Wallis tests. Linear regression was used to assess the correlation between lipid levels and polygenic scores and was adjusted for age, sex, genotyping array/batch, and the first 4 principal components of ancestry.

Odds ratios (ORs) and hazard ratios (HRs) were calculated using logistic regressions and Cox regression models adjusted for age, sex, genotyping array/batch, and the first 4 principal components of ancestry, respectively. Adjustments were made for age and sex to account for variabilities in lipid levels and risk of infection that are well-established demographic covariates, genotyping array and batch to control for batch effects of genotyping, and the first 4 principal components of genetic ancestry to mitigate the risk of confounding from population substructure.^[@R24]^ Adjusting for these covariates is common practice in population genetics.^[@R21],[@R25],[@R26]^ Hazards ratios for time-to-first infectious event used the time post--study enrollment as a time scale and were prematurely censored if a loss to follow-up or death event occurred. In individuals who experienced an index sepsis episode, Cox regression models were used to assess the risk of mortality using time post-hospitalization as a time scale with censoring occurring at 28 days post-hospitalization or at the date in which a loss to follow-up event occurred. A log-rank test was used to assess whether there were significant differences in the risk of mortality between polygenic scores above versus below the median.

A 2-step Mendelian randomization (MR) analysis was performed using the inverse weighted variance and MR Egger methods for HDL-C.^[@R27]^ A set of 57 SNVs of the 223 SNVs included in the lipid trait polygenic scores were chosen based on their genome-wide significant association with HDL-C levels in the original Global Lipid Genetics Consortium study.^[@R23]^ The effect sizes and SEs for the exposure of HDL-C are reported in Table V in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381),^[@R21]--[@R23]^ while individual SNV effect sizes and SEs for HRs of outcomes were determined in the UK Biobank. To further address the pleiotropic nature of SNVs associated with lipid traits, we performed a multivariable weighted linear regression Mendelian randomization analysis using the 57 SNVs and their associations with both infectious hospitalization and HDL-C, LDL-C, and triglycerides.^[@R28],[@R29]^ Data were analyzed using the MendelianRandomization v0.3.0 package in R, version 3.5.1.^[@R30]^

Statistical significance was claimed when 2-sided *P* values were ≤0.05.

Results
=======

Baseline Characteristics of Study Participants
----------------------------------------------

The baseline characteristics of UK Biobank participants stratified by quintiles of measured levels of HDL-C (n=357 202), LDL-C (n=389 564), and triglycerides (n=389 971) are displayed in Tables VI through VIII in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381), respectively. There was a significantly greater prevalence of male sex, diabetes mellitus, and other cardiovascular comorbidities among individuals in lower quintiles of measured levels of HDL-C.

Association of HDL-C, LDL-C, and Triglyceride Levels With Risk of Infectious Disease
------------------------------------------------------------------------------------

We first sought to determine the associations between levels of HDL-C, LDL-C and triglycerides with risk of infectious disease--related hospitalizations.^[@R3]^ Using measured levels of HDL-C as a continuous variable, the HRs for a 1-mmol/L increase in HDL-C for infections classified by site were 0.57 for sepsis (\[95% CI, 0.50--0.64\]; *P*\<0.0001), 0.62 for pneumonia (\[95% CI, 0.57--0.67\]; *P*\<0.0001), 0.60 for gastroenteritis (\[95% CI, 0.56--0.65\]; *P*\<0.0001), 0.54 for urinary tract infections (\[95% CI, 0.50--0.58\]; *P*\<0.0001), 0.53 for skin infections (\[95% CI, 0.49--0.59\]; *P*\<0.0001), and 0.62 for any infectious disease (\[95% CI, 0.59--0.64\]; *P*\<0.0001; Figure I in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). There was a dose-dependent relationship between ascending quintiles of measured HDL-C and reduced risk of any infectious disease--related hospitalizations (Figure [1](#F1){ref-type="fig"}). Specifically, a 1-mmol/L increase in HDL-C levels was associated with significantly reduced risk of infections that were diagnosed as bacterial (HR, 0.58 \[95% CI, 0.54--0.62\]; *P*\<0.0001), viral (HR, 0.57 \[95% CI, 0.50--0.65\]; *P*\<0.0001), or fungal in pathogenesis (HR, 0.75 \[95% CI, 0.65--0.86\]; *P*\<0.0001; Figure II in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)).

![**Elevated levels of HDL (high-density lipoprotein) cholesterol (HDL-C) and LDL (low-density lipoprotein) cholesterol (LDL-C) associate with reduced risk of hospitalization for infectious disease, whereas elevated levels of triglycerides associate with increased risk of hospitalization for infectious disease.** Cox proportional hazards models and the associated hazard ratios (HRs) with 95% CIs are displayed for all infectious disease hospitalizations vs quintiles of measured levels of (**A**) HDL-C, (**B**) LDL-C (direct measurement), and (**C**) triglycerides. All models were adjusted for age, sex, genotyping array, and the first 4 principal components of genetic ancestry.](atv-40-267-g001){#F1}

Similar to HDL-C levels, LDL-C levels displayed significant inverse associations with risk of infection when classified by either site of infection (Figure I in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)) or suspected pathogenesis of infection (Figure II in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). The HR for any infectious hospitalization was 0.83 for a 1-mmol/L increase in LDL-C levels (\[95% CI, 0.82--0.84\]; *P*\<0.0001; Figure [1](#F1){ref-type="fig"}). In contrast, triglyceride levels displayed a significant positive association with risk of infection when classified by site of infection (Figure I in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)) and infections suspected to be of bacterial pathogenesis (Figure II in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). The adjusted HR for any infectious hospitalization was 1.07 for a 1-mmol/L increase in triglyceride levels (\[95% CI, 1.06--1.09\]; *P*\<0.0001; Figure [1](#F1){ref-type="fig"}).

To test for a potential pleiotropic effect of triglycerides influencing the association between measured levels of HDL-C and risk of any infectious hospitalization, we performed analyses in which the HRs for measured levels of HDL-C were adjusted for triglycerides and the HRs for measured levels of triglycerides were adjusted for HDL-C. The positive association between a 1-mmol/L increase in triglycerides and risk of any infectious hospitalization was lost when triglyceride levels were adjusted for HDL-C levels (HR, 1.01 \[95% CI, 1.00--1.02\]; *P*=0.18; Figure III in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). Alternatively, the inverse association between a 1-mmol/L increase in HDL-C levels and risk of any infectious hospitalization was unchanged by adjustment for triglyceride levels (HR, 0.62 \[95% CI, 0.60--0.65\]; *P*\<0.0001; Figure III in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)).

The risk of any infectious hospitalization was significantly greater for men than women (HR, 1.15 \[95% CI, 1.12--1.18\]; *P*\<0.0001; Figure IV in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). This difference became nonsignificant when adjusted for measured levels of HDL-C (HR, 0.99 \[95% CI, 0.97--1.02\]; *P*=0.71; Figure IV in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)).

Polygenic Scores Are Associated With Measured Lipid Levels
----------------------------------------------------------

We next constructed polygenic scores for HDL-C, LDL-C, and triglycerides. The baseline characteristics of 407 558 individuals stratified by quintiles of HDL-C, LDL-C, and triglyceride polygenic scores are shown in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} and Table IX in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381), respectively. The mean HDL-C levels for quintiles of HDL-C polygenic score were 1.32, 1.40, 1.45, 1.50, and 1.60 mmol/L. The mean direct LDL-C levels for quintiles of LDL-C polygenic score were 3.31, 3.48, 3.58, 3.67, and 3.81 mmol/L. The mean triglyceride levels for quintiles of triglyceride polygenic score were 1.46, 1.62, 1.74, 1.86, and 2.12 mmol/L. There were nominal, but significant, differences in the prevalence of hypertension, diabetes mellitus, angina, and myocardial infarction, with greater prevalence among lower quintiles of HDL-C polygenic scores (Table [1](#T1){ref-type="table"}). As expected, there was significantly greater prevalence of angina and myocardial infarction among higher quintiles of LDL-C and triglyceride polygenic scores (Table [2](#T2){ref-type="table"}; Table IX in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381), respectively).

###### 

Baseline Characteristics of UK Biobank Participants With British White Genetic Ancestry Stratified by Quintiles of HDL-C Polygenic Score

![](atv-40-267-g002)

###### 

Baseline Characteristics of UK Biobank Participants With British White Genetic Ancestry Stratified by Quintiles of LDL-C Polygenic Score

![](atv-40-267-g003)

HDL-C, LDL-C, and triglyceride polygenic scores were normally distributed. Measured levels of HDL-C, LDL-C, and triglycerides were significantly correlated with HDL-C (R^2^=0.24; *P*\<0.0001), LDL-C (R^2^=0.05; *P*\<0.0001), and triglyceride (R^2^=0.10; *P*\<0.0001) polygenic scores when adjusted for age, sex, genotyping array/batch, and the first 4 principal components of ancestry, respectively (Figure V in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)).

HDL-C Polygenic Score Is Associated With Reduced Risk of Infectious Disease--Related Hospitalizations, Whereas LDL-C and Triglyceride Polygenic Scores Are Not
--------------------------------------------------------------------------------------------------------------------------------------------------------------

Increasing HDL-C polygenic score trended toward reduced risk of hospitalizations for infections classified by specific site (Figure VI in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). In addition, HDL-C polygenic score was inversely associated with risk of hospitalization for bacterial and viral infections but not fungal infections (Figure VII in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). There was a general dose-dependent relationship between ascending quintiles of HDL-C polygenic score and reduced risk of any infectious disease--related hospitalizations (Figure [2](#F2){ref-type="fig"}). The HR for any infectious hospitalization was 0.94 for a 1-SD-unit increase in HDL-C polygenic score (\[95% CI, 0.91--0.98\]; *P*=0.004). This translated to a HR for any infectious hospitalization of 0.84 for a 1-mmol/L increase in genetically predicted levels of HDL-C (\[95% CI, 0.75--0.95\]; *P*=0.004; Figure [2](#F2){ref-type="fig"}). These results remained significant even when additionally adjusted for physician diagnosis of diabetes mellitus at baseline (HR, 0.96 per 1 SD unit increase in HDL-C polygenic score \[95% CI, 0.92--0.99\]; *P*=0.03) or when individuals with known diabetes mellitus at enrollment were excluded (n=387 864; HR, 0.95 per 1 SD unit increase in HDL-C polygenic score \[95% CI, 0.91--0.99\]; *P*=0.03).

![**Elevated HDL (high-density lipoprotein) cholesterol (HDL-C) polygenic score, but not LDL (low-density lipoprotein) cholesterol (LDL-C) or triglyceride (TG) polygenic score, associates with reduced risk of hospitalization for infectious disease.** Cox proportional hazards models and the associated hazard ratios (HRs) with 95% CIs are displayed for any infectious disease hospitalizations vs quintiles of (**A**) HDL-C, (**B**) LDL-C, and (**C**) triglyceride polygenic scores (SD units). **D**, The HRs and 95% CIs for any infectious disease hospitalization are depicted for a 1-mmol/L increase in observational or genetically predicted lipid levels. All models were adjusted for age, sex, genotyping array, and the first 4 principal components of genetic ancestry.](atv-40-267-g004){#F2}

In contrast, continuous LDL-C polygenic score (HR, 1.01 \[95% CI, 0.97--1.05\]; *P*=0.75) and continuous triglyceride polygenic score (HR, 1.04 \[95% CI, 0.99--1.09\]; *P*=0.10) did not display significant associations with risk of hospitalization for any infectious disease (Figure [2](#F2){ref-type="fig"}; Figure VI in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). The HRs for any infectious hospitalization were 1.01 and 1.04 for a 1-mmol/L increase in genetically predicted levels of LDL-C (\[95% CI, 0.95--1.08\]; *P*=0.75) and triglycerides (\[95% CI, 0.99--1.09\]; *P*=0.10), respectively. There were no statistically significant relationships between LDL-C polygenic score or triglyceride polygenic score and microbial pathogenesis of infectious hospitalizations (Figure VII in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)).

Given that elevated HDL-C polygenic score was associated with reduced risk of infections requiring hospitalization, we next investigated whether elevated HDL-C polygenic scores would also be associated with fewer episodes of minor-to-moderate infections, as reflected by outpatient antibiotic usage. The OR for any antibiotic usage was 0.82 and 0.86 for a 1-mmol/L increase in measured levels of HDL-C (\[95% CI, 0.75--0.89\]; *P*\<0.0001) and LDL-C (\[95% CI, 0.83--0.89\]; *P*\<0.0001), respectively (Figure VIII in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). In contrast, the OR for any antibiotic usage was 1.03 for a 1-mmol/L increase in measured levels of triglycerides (\[95% CI, 1.00--1.06\]; *P*=0.04; Figure VIII in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). Like the observations between antibiotic usage and measured levels of HDL-C, the OR for any antibiotic usage was 0.90 for a 1-SD-unit increase in HDL-C polygenic score (\[95% CI, 0.83--0.99\]; *P*=0.03; Figure IX in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)). This translated to an OR for any antibiotic usage of 0.74 for a 1-mmol/L increase in genetically predicted levels of HDL-C (95% CI, 0.57--0.97). There were no significant associations between antibiotic usage and LDL-C polygenic score (OR, 0.92 \[95% CI, 0.83--1.01\]; *P*=0.07) or triglyceride polygenic score (OR, 0.96 \[95% CI, 0.87--1.07\]; *P*=0.47; Figure IX in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313381)).

Causal Inference for the Effect of HDL-C Polygenic Score on Infectious Disease--Related Hospitalizations
--------------------------------------------------------------------------------------------------------

The availability of genetic variants associated with HDL-C levels provides the opportunity to determine whether the epidemiologically observed association between HDL-C and hospitalizations for overall infectious diseases represents a causal relationship. To investigate this, we performed a 2-step Mendelian randomization analysis.^[@R31],[@R32]^ The first step used the effect sizes of 57 of the 223 SNVs used in the polygenic score that were found to be significantly associated with HDL-C in the genome-wide association study performed by the Global Lipid Genomics Consortium used to construct the HDL-C polygenic score.^[@R23]^ In the second step, we used the estimates of SNV effects on HDL-C levels as instrumental variables to investigate whether genetically elevated HDL-C had a significant causal estimate for decreased risk of overall infectious disease--related hospitalization. We observed a 0.061 decrease in the logHR for infectious disease--related hospitalization per 1 SD increase in genetically determined levels of HDL-C using the inverse weighted variance method (95% CI, −0.105 to −0.017; *P*=0.006). These results were consistent with the MR Egger method, which demonstrated a 0.082 decrease in the logHR for infectious disease--related hospitalizations per a 1-SD increase in genetically determined levels of HDL-C (\[95% CI, −0.146 to −0.018\]; *P*=0.01; Figure [3](#F3){ref-type="fig"}). Furthermore, the estimate of the intercept for the MR Egger method was 0.002 (\[95% CI, −0.002 to 0.005\]; *P*=0.39) with a nonsignificant test statistic for heterogeneity of 54.13 (55 *df*; *P*=0.51), suggesting that the results were not influenced by unbalanced horizontal pleiotropy. These results were confirmed with a multivariable Mendelian randomization analysis that included HDL-C, LDL-C, and triglycerides as risk factors for infectious hospitalization. Only HDL-C displayed a significant association with reduced risk infectious hospitalization (log~HR~---HDL-C: −0.060 \[95% CI, −0.113 to −0.006\], *P*=0.028; triglycerides: 0.006 \[95% CI, −0.067 to 0.080\], *P*=0.86; LDL-C: −0.012 \[95% CI, −0.110 to 0.086\], *P*=0.81). The heterogeneity test statistic for this model was nonsignificant (54.80 on 54 *df*; *P*=0.44).

![**Mendelian randomization (MR) analysis of genetically determined HDL (high-density lipoprotein) cholesterol (HDL-C) levels and risk of infectious hospitalization.** Genetic associations with outcomes (log hazard ratios) are displayed against genetic associations with SD units of HDL-C. Lines represent causal estimates from the different methods.](atv-40-267-g005){#F3}

Elevated HDL-C Polygenic Score Associates With Reduced Sepsis Mortality, Whereas LDL-C and Triglyceride Polygenic Scores Do Not
-------------------------------------------------------------------------------------------------------------------------------

When an infection triggers a dysregulated inflammatory response, it can lead to sepsis---a condition associated with a high mortality rate. Previous work has identified genetic variants in HDL-related genes that influence survival in sepsis.^[@R4]^ We examined the effect of HDL-C, LDL-C, and triglyceride polygenic scores on survival in 3222 participants in the UK Biobank who were hospitalized for sepsis. We observed a significant increase in 28-day survival among participants with an HDL-C polygenic score greater than the median relative to participants with an HDL-C polygenic score below the median (log-rank test: *P*=0.007; Figure [4](#F4){ref-type="fig"}A). When HDL-C polygenic score was assessed as a continuous variable, the HR for 28-day sepsis mortality was 0.71 for a 1-SD-unit increase in HDL-C polygenic score (\[95% CI, 0.52--0.99\]; *P*=0.04; Figure [4](#F4){ref-type="fig"}B). This translated to an HR for sepsis mortality of 0.37 per 1 mmol/L increase in genetically predicted levels of HDL-C (95% CI, 0.14--0.96). In contrast, there were no significant differences in 28-day sepsis survival between participants stratified by LDL-C or triglyceride polygenic score (Figure [4](#F4){ref-type="fig"}C through [4](#F4){ref-type="fig"}F). The HRs for sepsis mortality for LDL-C polygenic score and triglyceride polygenic score were 0.86 (\[95% CI, 0.62--0.1.20\]; *P*=0.38) and 1.19 (\[95% CI, 0.83--1.70\]; *P*=0.34) for a 1-SD-unit increase in polygenic score, respectively (Figure [4](#F4){ref-type="fig"}).

![**HDL (high-density lipoprotein) cholesterol (HDL-C) polygenic score, but not LDL (low-density lipoprotein) cholesterol (LDL-C) or triglyceride polygenic score, is associated with improved acute survival from sepsis.** Twenty-eight--day survival curves for UK Biobank participants stratified by a polygenic score above or below the median for (**A**) HDL-C, (**C**) LDL-C, and (**E**) triglycerides. Cox proportional hazards models for 28-d sepsis mortality vs (**B**) HDL-C, (**D**) LDL-C, and (**F**) triglyceride polygenic score were adjusted for age, sex, genotyping array, and the first 4 principal components of genetic ancestry. Polygenic scores are scaled as median units. The darker blue depicts the SE, while light blue depicts the 95% CI. HR indicates hazard ratio.](atv-40-267-g006){#F4}

Discussion
==========

Here, we report that genetically determined levels of HDL-C have a modest but significant influence on the risk of hospitalization for infectious diseases. The strength of this study is the demonstration that higher HDL-C polygenic scores, which are associated with relatively small increases in HDL-C levels, are associated with lower risk of infectious disease--related hospitalizations, less outpatient antibiotic usage, and reduced short-term mortality from sepsis. Furthermore, Mendelian randomization suggested that the inverse associations between genetically determined levels of HDL-C and risk of hospitalization for infectious disease events could be causal in nature. In contrast, there were no statistically significant associations between genetically determined levels of LDL-C or triglycerides and risk of infectious disease. These findings provide evidence to support that HDL-C levels are causally related to risk of clinical infectious disease among the general population.

Previous work by Madsen et al^[@R3]^ demonstrated that low levels of HDL-C associate with increased risk of infectious disease in the large Copenhagen City Heart and the Copenhagen General Population Study epidemiological studies. We were able to confirm their finding of an increased risk of infections in individuals with lower levels of HDL-C and LDL-C in an even larger population cohort. Our findings also extend that previous work by inferring the causal nature of this relationship. Unlike Madsen et al, we did not observe an increased risk of infectious disease hospitalizations at higher extremes of HDL-C levels (a U-shaped relationship between HDL-C and infection risk). This discrepancy could be due to the overall healthier status of individuals participating in UK Biobank^[@R33]^ and our study's focus on individuals of British white ancestry. Importantly, neither our study nor the Copenhagen City Heart and the Copenhagen General Population Study had HDL-C levels measured at the time of infectious disease events, and, therefore, these levels may differ considerably from the pre-illness measurements available.^[@R34]^

HDL particles have several properties relevant to modulating the immune system and infectious disease. Of all lipoproteins, HDLs have the greatest affinity to bind pathogen-associated lipids (eg, lipopolysaccharide, lipoteichoic acid) that mediate the excessive immune activation in sepsis.^[@R9]--[@R11]^ HDL also has immunomodulatory,^[@R35],[@R36]^ antithrombotic,^[@R37]^ and antioxidant effects that could provide important clues to why genetically determined levels of HDL-C, but not LDL-C,^[@R17],[@R18]^ confer a causal protective effect against infectious disease. In particular, HDL-related apolipoproteins, such as apolipoprotein A1 and apolipoprotein M, interact with lipid rafts on cellular membranes that are enriched in immune cell receptors such as Toll-like receptors on macrophages,^[@R38]--[@R40]^ T-cell receptors,^[@R41]^ and B-cell receptors^[@R42]^ to modulate immune responses.^[@R41]^ In this large epidemiological study, we were only able to use HDL-C as a surrogate for HDL particle function and were not able to assess how differences in the lipid and protein components of HDL particles influence infectious risk. Further studies will be needed to differentiate which of the proposed mechanisms are most important to conferring the anti-infectious properties of HDL.

Our observations support the concept of HDL-C being a potential therapeutic target in clinical infectious diseases such as sepsis. We have previously shown that the *CETP* (*cholesteryl ester transfer protein*) gain-of-function variant, rs1800777, is associated with significant reductions in HDL-C levels during sepsis, increased risk of acute kidney injury, and increased mortality in clinical sepsis cohorts.^[@R4],[@R44]^ This study's findings demonstrate another genetic mechanism by which lower levels of genetically determined HDL-C associate with increased sepsis mortality. These findings raise the intriguing possibility that drugs that raise HDL-C levels, such as inhibitors of CETP, may be beneficial to treat or reduce the risk of infectious diseases.^[@R39]^ However, it is important to point out that in some studies of HDL-C--raising therapies, including ILLUMINATE (Investigation of Lipid Level Management to Understand its Impact in Atherosclerotic Events)^[@R45]^ of torcetrapib and HSP2-THRIVE (Heart Protection Study 2--Treatment of HDL to Reduce the Incidence of Vascular Events)^[@R46]^ of niacin and laropiprant, an increased risk of infectious disease events was observed in those allocated to HDL-C raising therapies. However, this risk was not observed in trials of other CETP inhibitors,^[@R1],[@R47],[@R48]^ and it will be critical for future clinical trials to specifically assess this hypothesis in an infectious disease setting and to be carefully monitored for safety and efficacy.

The genetic approach that we used in this study reduces the risk of confounding and reverse causation that can occur in observational studies.^[@R3],[@R15]^ However, an important assumption of Mendelian randomization is that genetic instruments are not associated with confounding factor that could influence the outcome of interest.^[@R49]^ In this regard, it is important to note that we observed a small, but significant, increase in the prevalence of reported diabetes mellitus among participants in the lower quintiles of HDL-C polygenic score. This was unexpected, as a previous Mendelian randomization study found that genetically lowered HDL-C is not a causal risk for the development of diabetes mellitus.^[@R50]^ We hypothesize that the higher prevalence of type 2 diabetes mellitus diagnoses in participants with genetically low HDL-C may reflect more intensive screening of these individuals because of their perceived higher cardiovascular risk, as determined by commonly used risk calculators.^[@R51]--[@R53]^ This hypothesis is supported by the finding that there was no significant difference in hemoglobin A1c levels among lower compared with higher quintiles of HDL-C polygenic score.

This study has some limitations that should be considered. Firstly, the potential effect of HDL-C polygenic score on the dynamic changes to HDL-C during the infection or sepsis event remains unknown. Secondly, we used diagnosis codes to identify hospitalization and mortality events of interest. This method sacrifices the depth of participant phenotyping for increased sample size and these classifications may not be reflective of the most recent guidelines for some conditions (eg, sepsis definitions).^[@R54]^ However, the observed ≈10% mortality suggests our approach reasonably classified patients with clinically suspected sepsis. Third, we focused our analyses on participants of British white genetic ancestry to minimize the risk of confounding from population stratification, to match the ancestry of most participants from the Global Lipid Genetics Consortium, and because this population reflects the majority of UK Biobank participants. It will be critical to assess the generalizability of these findings in other large population studies of more diverse ancestral groups and perform secondary replication of these findings in another epidemiological study.

In summary, we report that elevated genetically determined levels of HDL-C are associated with reduced risk of hospitalization for infectious disease, reduced outpatient antibiotic usage, and reduced mortality from sepsis. These results provide new insight into the potential causal role of HDL in infectious diseases and support the concept that raising HDL-C levels in individuals with certain infectious disease such as sepsis could be a viable therapeutic target.
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